One sentence summary: The evolution of acetic acid-detoxifying Escherichia coli under phosphate starvation conditions implicates the growth of preexisting mutants and the unusual preemptive induction of stress regulons including LexA-controlled DNA polymerases. Editor: Lígia Saraiva
INTRODUCTION
Bacteria evolved mechanisms to tolerate transient exposure to lethal factors. Defense proteins are produced at different basal levels in growing cells, and may be amplified in response to specific stress: for instance, heat shock activates the RpoE envelope stress regulon (ptsN, rpoH, etc.) through cleavage of RseA and expression of the alternative sigma factor of the RNA polymerase, σ E (RpoE) (Ades 2008) ; low pH activates the EvgSA twocomponent system (gadB, etc.) (Foster 2004) ; hydrogen peroxide activates the OxyR regulon (katG, dps, etc.) through the oxidation of Cys residues in OxyR (Imlay 2008) ; and UV-irradiation activates the LexA regulon (recA, polB, dinB, umuDC, etc.) as a result of the cleavage of the LexA repressor interacting with a nucleoprotein filament composed of single-stranded DNA, singlestranded DNA-binding protein and RecA-ATP (Moreau 1987; Moreau and Carlier 1989; Sassanfar and Roberts, 1990; Simmons et al. 2013) . Similarly, bacteria evolved inducible mechanisms to maintain growth under nutrient limitation conditions. For instance, the KdpFABC transporter of the KdpDE two-component system scavenges low levels of K + (Altendorf et al. 2013) , and the PstA and PhnE permeases of the PhoBR two-component system scavenge low levels of phosphate (Pi) and phosphonates (or organophosphates), respectively (Hsieh and Wanner 2010) . When nutrient sources are depleted, starved cells stop growing, enter the so-called stationary phase and may accumulate a new sigma factor of the RNA polymerase, σ S (RpoS) (Hengge 2013) . RpoS triggers the induction of a 'general stress response ' (gadB, poxB, katE, dps, etc.) whose primary role is to protect nongrowing cells against stress that may occur during prolonged incubation (Weber et al. 2005) .
The behavior of Pi-starved cells is unique in that besides a strong induction of the RpoS general stress response, they weakly induce 'specific stress responses' at the approach of the stationary phase, probably in response to a cascade of unconventional events: (i) the SpoT-dependent accumulation of the alarmone ppGpp induces the RpoE envelope stress response, independently of RseA cleavage (Gopalkrishnan, Nicoloff and Ades 2014; Moreau 2014; Moreau and Loiseau 2016) ; (ii) interaction of the RpoE-dependent PtsN protein with KdpD may account for the induction of the kdpFABC operon whereas K + is in excess, which triggers the uptake of K + , the excretion of H + and thus an increase in the internal pH (Moreau and Loiseau 2016) ; and (iii) alkalinization of the cytoplasm decreases the DNA-binding affinity of the LexA repressor (i.e. unprotonated His-46 may weakly interact with DNA), which triggers the induction of the LexA regulon independently of LexA cleavage Moreau 1993, 1994) . Whether such preemptive induction of LexA-controlled proteins might play a role remains obscure because survival of non-growing cells starved for Pi primarily requires the induction of two genes, poxB and gadB, which are strictly controlled by RpoS. The pyruvate oxidase, PoxB, which directly converts pyruvate into acetic acid, avoids oxidative stress by decreasing the tricarboxylic acid cycle and aerobic respiratory chain activities, whereas the glutamate decarboxylase, GadB, which consumes protons, protects non-growing cells against acid stress by neutralizing acetic acid into acetate. GadB activity is critical since cells incubated in Pi-limiting medium without the addition of glutamate die off between days 6 and 12 of incubation as a result of acetic acid stress, which decreases the internal pH (Moreau 2004 (Moreau , 2007 Guillemet and Moreau 2008) . When cells incubated in Pi-limiting minimal medium are rediluted every 9 days of incubation into fresh medium, evolved strains generally overtake the third serial culture and survive prolonged incubation. Evolved variants can grow on products excreted by the bulk of the population, phosphorylated compounds and eventually acetic acid; the consumption of acetic acid through the tricarboxylic acid cycle removes a potentially lethal weak acid stress. Growth on phosphorylated compounds primarily requires the activation of the PhnE permease, which is cryptic in Escherichia coli K-12 (Guillemet and Moreau 2012 (Moreau and Loiseau 2016) . The ubiquitous phnE + reversion, which results from a deletion of eight base pairs in direct repeats, occurs with a high frequency (Guillemet and Moreau 2012) . The G→T transversion in the crfC693 allele and the C→T transition in the rseP98 allele may result from the misincorporation of A by the replicative DNA polymerase Pol III holoenzyme when G is oxidized into 8-oxoG and C is deaminated into U, respectively (Lind and Andersson 2008) . Interestingly, 1-bp deletion (rpoS214-null) and transversions such as A→T (arcA172-null and rsxC525-null), T→A (trkH80 c and kdpD460 c ) and T→G (lapB43) are rare events unless LexA-dependent DNA polymerases are induced: Pol II, Pol IV and Pol V encoded by polB, dinB and umuDC, respectively, are error prone when promoting translesion synthesis (Tippin, Pham and Goodman 2004; Langston and O'Donnell 2006; Laureti et al. 2015; Jee et al. 2016; Lynch et al. 2016) . Does this mean that induction of the LexA regulon (Cairns and Foster 1991; McKenzie et al. 2000) and, especially, induction of LexA-controlled DNA polymerases (McKenzie et al. 2001; Storvik and Foster 2010; Corzett, Goodman and Finkel 2013) are primarily required for the evolution of cells starved for Pi, as suggested in the case of cells starved for carbon? Specialized DNA polymerases could play secondary, if any, role in evolution: evolved strains might primarily result from the selection of spontaneous mutants (e.g. phnE + ) that gain a small growth improvement; growing cells could then acquire additional beneficial mutations (Roth et al. 2006; Wrande, Roth and Hughes 2008) .
To examine what processes may be at work in Pi-starved cells, adaptive laboratory evolution experiments were performed with strains that could not induce the LexA regulon or lacked LexAcontrolled DNA polymerases.
MATERIALS AND METHODS
The Escherichia coli K-12 strain used was ENZ535 (MG1655: (Moreau and Loiseau 2016) . ENZ2133 was ENZ535 bearing the lexA3(Ind − ) mutation (Moreau 2014) . ENZ1778 and ENZ1779 were constructed by transducing into ENZ535 the dinB::Tn5 and umuDC595::cat mutations (Napolitano et al. 2000) , respectively. The MOPS minimal medium notably contained 40 mM MOPS, 86 mM NaCl, 9.5 mM NH 4 Cl, 20 mM glucose and 5 mM K 2 HPO 4 (pH 7.2) (OD 600 ≈3.5 at stationary phase). The Pi-limiting MOPS minimal medium contained 40 mM glucose and 0.1 mM K 2 HPO 4 plus 9.8 mM KCl (pH 7.2) (OD 600 ≈0.7 at stationary phase). The cultures (50 ml in 500-ml Erlenmeyer flasks) were agitated at 150 rpm in a covered water bath rotary shaker. Serial dilutions were spotted (3 × 10 μl portions) onto LB agar plates (2000 U catalase were spread to scavenge H 2 O 2 adventitiously produced) (Moreau 2007) . A colony was touched with a toothpick and cells were suspended in MOPS buffer (200 μl); an aliquot (4 μl) was spotted onto methyl phosphonate-minimal medium, and another aliquot was spotted onto LB medium (Guillemet and Moreau 2012) . On phosphonate plates, PhnE − and PhnE + cells gave rise to isolated colonies and confluent patches, respectively. LB plates were incubated for 24 h and patches were exposed first to iodine vapor to determine glycogen (Glg) levels (brown color), and then to H 2 O 2 (2 μl of a 30% solution) to determine the activity of the catalases (2H 2 O 2 → 2H 2 O + O 2 ↑), KatG (OxyR regulon) and KatE (RpoS regulon). A defect in glycogen accumulation generally reflects changes in the metabolic flux in glycolysis (Preiss 2014 
RESULTS AND DISCUSSION
Throughout serial cultures -first cultures were inoculated 1:500 into Pi-limiting medium; thereafter, subcultures were inoculated 1:50 into fresh medium every ninth day of incubationEscherichia coli evolution was studied by examining (i) the viability of the whole populations and (ii) three characteristic phenotypes of evolving cells, the so-called PhnE + , RpoS − and Glg − phenotypes. The E. coli K-12 strain ENZ535 (MG1655), which lost viability after 6 days of incubation, gave rise to evolved strains that survived prolonged incubation in the third and fourth serial cultures (Fig. 1a ) (Guillemet and Moreau 2012 the population after 9 days of incubation in the third serial culture, and persisted as a majority throughout the fourth serial culture. In a second set of experiments which exhibited similar patterns of cell survival (Fig. 1b) , all the isolates (12/12) exhibited a PhnE + Glg − phenotype in the third serial culture during the period from day 2 to day 18; thereafter, PhnE + Glg + cells swept through the population and exhibited high survival rates at pH 6.8, which is reminiscent of the behavior of the evolved strain ENZ1903 (phnE + arcA rsxC crfC e14 − /icd + ). In contrast, cells exhibiting a PhnE + Glg − mutant phenotype survived throughout the fourth serial culture in which acetic acid was totally detoxified (<0.02 mM acetic acid at pH 6.8), which is reminiscent of the behavior of the evolved strain ENZ1902 (phnE + rseP98 kdpD460).
The lexA3(Ind − ) mutation, which prevents LexA cleavage (Simmons et al. 2013) , was used to determine whether the induction of the LexA regulon was required for the evolution of variants that could survive during prolonged incubation in Pilimiting medium. Besides the cleavage of LexA that is triggered in growing cells exposed to genotoxic agents, cleavage normally occurs in a RecB-dependent manner upon the dilution of cultures into fresh medium, probably as a result of replicationtranscription collisions (Dri and Moreau 1993; Gérard, Dri and Moreau 1999; Merrikh et al. 2012) . Consequently, a lexA3 mutant strain contains abnormally high basal levels of LexA3 repressor, which prevent the unusual induction of LexA-controlled genes that occurs when cells approach the stationary phase under Pi starvation conditions (Dri and Moreau 1993) : excess LexA may compensate for the decrease in LexA DNA-binding affinity triggered by alkalinization of the cytoplasm (Dri and Moreau 1994) . Moreover, the lexA3(Ind − ) mutation may prevent the cleavage of
LexA that could occur during prolonged incubation when the Strain ENZ535 (WT) grown for 24 h in MOPS medium was inoculated (0.1 ml) into 50 ml of Pi-limiting medium (time zero; inoculation 1:500) and incubated further for 18 days (culture no. 1). On day 9 of incubation, 1 ml of culture no. 1 was inoculated into 50 ml of fresh Pi-limiting medium (inoculation 1:50), giving rise to the serial culture no. 2, which was incubated further for 18 days. After 9 days of incubation of the serial culture no. 2 (day 18), 1 ml was inoculated into 50 ml of fresh Pi-limiting medium, giving rise to the serial culture no. 3, which was incubated further up to day 54. After 9 days of incubation of the serial culture no. 3 (day 27), 1 ml was inoculated into 50 ml of fresh Pi-limiting medium, giving rise to the serial culture no. 4, which was incubated further up to day 54. (a and b) Two independent experiments are shown. Viability (CFU/ml) was determined on LB medium (the values of 10 CFU/ml in parentheses indicate that no CFU were detected when 5 × 20 μl portions of the cultures were directly plated); the numbers of colonies exhibiting PhnE + , RpoS − and Glg − phenotypes are indicated below the figures (each time, the three phenotypes were tested on the same 12 isolates). The pHs of the media measured at the end of the incubation periods are indicated. The optical densities (OD600) of the cultures and the concentrations of glucose (mM Glc) and of acetic acid (mM Ace) were measured at the end of the experiment (Fig. 1b) . cells are exposed to an endogenous oxidative stress (Moreau et al. 2001; Moreau 2004; Neeley et al. 2007) . Strain ENZ2133 (ENZ535 lexA3) gave rise to surviving cells slowly, if not at all, in five independent adaptive laboratory evolution experiments (Fig. 2a-c) , although all 12 isolates tested acquired the PhnE + character by 9 days of incubation ( Fig. 2b and   c ). Further analysis of an experiment revealed that the frequency of PhnE + Glg − cells peaked at about 60% of the population at the beginning of the third and fourth serial cultures, but dropped rapidly thereafter when the medium contained toxic levels of acetic acid (≥27 mM acetic acid at pH 4.8) (Fig. 2b) . In another experiment (Fig. 2c) , the frequency of PhnE + Glg − cells could reach 100% of the population in the third serial culture (day 4 in culture no. 3), which allowed higher glucose metabolism and limited acetic acid detoxification (13 mM acetic acid at pH 5.0 on day 36 in culture no. 3). Interestingly, in the fourth serial culture, the population was very dynamic, but PhnE + Glg − /RpoS − cells lost viability after 9 days of incubation, when the medium contained 8.2 mM acetic acid at pH 4.8. Collectively, these data indicate that strains that cannot induce the LexA regulon give rise to mutants that sweep through populations, but lose viability rapidly, which prevents them to consume acetic acid efficiently.
To determine whether the failure of a lexA3 mutant strain to survive prolonged incubation could reflect, at least in part, low levels of LexA-dependent DNA polymerases (McKenzie et al. 2001; Galhardo et al. 2009; Corzett, Goodman and Finkel 2013) , the polB 1 (Pol II − ), dinB (Pol IV − ) and umuDC595 (Pol V − ) mutations were introduced into ENZ535, and single mutant strains were grown for successive 9-day periods in Pi-limiting medium.
The polB 1 (Pol II − ) mutant strain survived prolonged incubation in two cases out of three independent experiments (data not shown). Because it is known that polB mutants rapidly give rise to revertants during prolonged starvation (Escarceller et al. 1994) , it is likely that the strains that survived during prolonged incubation in Pi-limiting medium acquired secondary mutations that compensated for the lack of PolB activity. This instability precludes from studying the behavior of polB mutants under Pi starvation conditions. Single mutants lacking Pol IV ( Fig. 3a and b) or Pol V DNA polymerase ( Fig. 4a and b) did not survive prolonged incubation after up to five serial cultures in three independent experiments for each strain. Both mutant strains gave rise to high levels of PhnE + cells by 9 days of incubation, but these cells generally could not acquire secondary mutations and died in the third and fourth serial cultures, which contained toxic levels of acetic acid (≥30 mM acetic acid at pH 4.6) (Figs 3b and 4b) .
Collectively, these findings indicate that the cells that survive during prolonged incubation in Pi-limiting medium must induce the LexA regulon primarily to express high levels of the LexA-dependent DNA polymerases Pol IV, Pol V and probably Pol II. At first glance, these data support the idea that induction of LexA-controlled DNA polymerases might play a key role in evolvability of non-growing starved cells (McKenzie et al. 2001; Al Mamun et al. 2012) . Analysis of the kinetics of evolution indicates, however, that PhnE + cells first overtake populations, independently of the expression of the LexA regulon. The switching in phnE, which occurs with a high frequency, promotes a limited growth under Pi starvation conditions (Guillemet and Moreau 2012) . Accordingly to the 'growth under selection' hypothesis (Roth et al. 2006; Wrande, Roth and Hughes 2008) , phnE + revertants that resume growth on organophosphates could progressively accumulate spontaneous mutations that improve growth and afford a protection against acetic acid and oxidative stress. (ENZ535 lexA3) was propagated as described in the legend to Fig. 1. (a) The viability of cells was determined on LB medium in three independent experiments. (b and c) Cell viability and the phenotypes of colonies were determined throughout two independent experiments. The concentrations of glucose (mM Glc) and of acetic acid (mM Ace) were measured at the end of the serial culture nos 3 and 4. To reconcile the data obtained under Pi starvation conditions, it is suggested that both small growth improvements provided by the switching in phnE, and transient expression of LexA-controlled DNA polymerases might collaborate to increase evolvability during prolonged incubation in Pi-limiting medium. The LexA-dependent error-prone translesion synthesis DNA polymerases could play a dual role: they can increase the mutation rate-final evolved strains can bear up to three point mutations-and they can help to tolerate DNA lesions (Andersson, Koskiniei and Hughes 2010; Naiman et al. 2014) ; both processes may ultimately increase the frequency of viable mutant cells. The preemptive induction of the LexA regulon in cells that approach the stationary phase (as well as the preemptive induction of the RpoE and RpoS regulons in response to the accumulation of ppGpp) may be critical to trigger the synthesis of LexA-dependent DNA polymerases when the activity of the protein synthesis machinery is still optimal. Later during prolonged incubation, oxidative DNA damage (Moreau et al. 2001; Moreau 2004 ) may trigger the RecA-dependent cleavage of LexA and UmuD; cleavage of UmuD into UmuD' is required to activate the activity of the Pol V DNA polymerase (UmuCD') (Neeley et al. 2007; Simmons et al. 2013) .
Interestingly, evolution of cells resistant to antibiotics may require the expression of the LexA-dependent DNA polymerases Pol II, Pol IV and Pol V (Cirz et al. 2005; Petrosino et al. 2009; Long et al. 2016) . In some cases, antibiotics (e.g. quinolones) trigger DNA damage, which can induce the cleavage of the LexA repressor (Cirz et al. 2005; Long et al. 2016; Mo et al. 2016) . It was therefore suggested that blocking expression of the LexA response by therapy adjuncts could help prevent the evolution of antibiotic resistance (Cirz et al. 2005; Rosenberg and Queitsch 2014; Mo et al. 2016) . In other cases, antibiotics that do not target DNA (e.g. aminoglycosides) can trigger alkalinization of the cytoplasm (Bartek et al. 2016) , which could decrease the DNAbinding activity of LexA (Dri and Moreau 1994) . It is therefore tempting to speculate that pathogens threatened by Pi starvation and by antibiotics could use common mechanisms to evolve variants that resume growth and sweep through the population (Lamarche et al. 2008; Zaborin et al. 2014) . In this light, providing adjuvant drugs that could combat Pi starvation and/or alkalinization could help prevent alkaline-dependent induction of LexA-controlled DNA polymerases and evolution of antibiotic resistance.
